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Abstract
The source properties of the Long-Period events that occurred at Campi
Flegrei Caldera (Italy) during the 2004-2006 ground uplift episode are inves-
tigated by analysing the temporal release of seismic energy, amplitude distri-
bution and inter-event occurrence time. Moreover, an entropy-based decom-
position method is applied to identify the ”simpler” waveforms thought to be
representative of the source mechanism of Long-Period events. On the basis
of the outcomes, we propose that the main part of these events is the result
of a source process triggered by a mechanism of fluid charge/discharge, which
causes pressure drop in a main branch of a dentritic network of the hydrother-
mal system. In this model, the rate of the Poissonian process (about 15 min),
which drives the occurrence of the Long-Period events, provides the average
recharge time of the system up to the critical condition. A partial shunting
of the fluid flow away from the main conduit activates the ”resonance” of a
second branch, spatially separated from the first one. This is a process that
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occurs whenever the fluid pressure exceeds a critical value and produces less
energetic Long-Period events. The mechanism of pressure variation in the
two conduits generates signals with preferred amplitude scales, described by
a bi-lognormal distribution. From a dynamical point of view, Long-Period
events result well described by a low-dimensional dynamical system. Finally,
the time pattern of the energy release and its correlation with the diurnal
solid earth tide suggest that the whole mechanism of fluid charge/discharge
is likely modulated by tidal stress variation.
1. Introduction
The dynamics of the active volcanoes can be described observing their1
behavior on the many spatial and time scales involved. Indeed, many phe-2
nomena may take part in the source process generating complex signals which3
have to be fully described by means of partial differential equations (infinite4
degrees of freedom). On the other hand, the coupling between a fluid phase5
(e.g., magma-gas flow or hydrothermal flux) and the vibrations of the solid6
(e.g., the volcano edifice) may induce a synchronization mechanism (see for7
more details, Pikovsky et al. [2001]). When the characteristic times of the8
fluid dynamics match those of the conduit vibrations, spatial coherent oscil-9
lations occur, and they can be described by a few degrees of freedom system10
(see, e.g., Balmforth et al. [2005]). In other words, despite the observable11
complexity, some phenomena like tremor, Long-Period (LP) seismicity and12
explosion-quakes occurring in volcanic areas may represent a collective be-13
haviour of a low-dimensional dynamical system (see, e.g., De Lauro et al.14
[2008]). The understanding of these source signals not only permits us to15
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characterize the overall behavior of a volcano and the transition mechanism16
from a stationary to a non-equilibrium phase, but also provides its specifici-17
ties.18
Useful information is surely obtained by looking at the way in which19
such active structures release the seismic energy and how this influences the20
elastic vibrations. This provides some constraints on the charge/discharge21
process and on the geometry of the solid part. Particularly interesting is22
the case when the interaction of an aquifer and a magmatic system gener-23
ates a wide range of phenomena, which can be related to the dynamics of a24
pressurized subsurface hydrothermal system and to a fluid-rock interaction25
[Kumagai and Chouet, 2000; Battaglia et al., 2006; Tikku et al., 2006; Gotts-26
mann et al., 2007; Matoza and Chouet, 2010]. LP events are one of the most27
common manifestation of this interaction. These signals are characterized28
by emergent onsets, absence of clear shear wave arrivals and have a typical29
spectral content in the range 0.2-2 s [see, e.g., Kawakatsu and Yamamoto,30
2007 and references therein]. Although they frequently occur in active vol-31
canic/hydrothermal areas, few episodes have been recorded at Campi Flegrei32
volcanic complex [Saccorotti et al., 2001; Bianco et al., 2004]. In particular33
the most remarkable LP swarm occurred in October 2006 [Saccorotti et al.,34
2007; Ciaramella et al., 2012] and attracted great attention by the scientific35
community.36
Campi Flegrei volcanic complex is a densely populated area to the West37
of Naples (Southern Italy). It is a nested caldera originated by two large38
collapses that occurred during the Campanian Ignimbrite (39 ka) and the39
Neapolitan Yellow Tuff (NYT; 15 ka) eruptions [Orsi et al., 1996]. The40
3
Campi Flegrei caldera is affected by the phenomenon of bradyseisms, con-41
sisting of a slow subsidence alternated with fast ground uplifts. The uplifts42
are always accompanied by volcano-tectonic (VT) seismicity (high-frequency43
(>5 Hz) events with clear onsets of compressional and shear wave arrivals,44
generated by a brittle failure on a fault [Kawakatsu and Yamamoto, 2007]).45
The 2004-2006 deformation episode, despite the small amount of net up-46
lift (5 cm), was accompanied by the largest release of seismic energy ever47
observed since 1985 [Saccorotti et al., 2007]. A large amount of VT earth-48
quakes (approximately 300 with low-magnitude, Md <2) occurred between49
March 2005 and December 2006. Besides VT earthquakes, LP signals were50
recorded during seven days, starting on October 23, 2006, and with the max-51
imum rate on days 26 and 27. Saccorotti et al. [2007] compiled a seismic52
catalogue that included 338 events, by applying a trigger coincidence crite-53
rion to data recorded at two seismic stations (ASB2 and AMS2) with the54
best signal-to-noise ratio (SNR). These authors observed that about 75% of55
the detected LPs clusters into three groups of events (clusters 1, 2 and 3)56
with similar waveform characterized by a correlation coefficient of at least57
0.6. The events are located at depths of about 500 m b.s.l. (with errors lower58
than 100 m) beneath the southern rim of the Solfatara crater: cluster 1 to the59
West and clusters 2 and 3 to the East, with an approximate distance between60
the centroids of about 300 m (see, Fig. 1). The LP signals appear like nearly61
monochromatic oscillations of short duration (<15 s) and frequency content62
in the band 0.5-2 Hz (Fig. 2). They are ascribed to the acoustic resonance of63
a crack filled by a water-gas mixture [Cusano et al., 2008], whose hydrother-64
mal origin is also supported by the geochemical observations [Chiodini et al.,65
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2003]. Moreover, Falanga and Petrosino [2012] show that LPs are described66
by a low-dimensional dynamical system and represent self-oscillations gener-67
ated by a persistent hydrothermal source. At the present, the events detected68
in October 2006 constitute the most remarkable LP swarm ever recorded in69
the area, therefore it needs to be studied in detail.70
In this paper, we investigate the LPs that occurred at Solfatara volcano71
looking at the waveform features in terms of cross-correlation and indepen-72
dent component identification. Moreover, we derive their time release of en-73
ergy and statistical properties including inter-event time mechanism. We also74
investigate the possible role of longer periodicities such as tidal cycles on the75
release of energy. The aim is to model in a unique framework the source pro-76
cess of LP seismicity, in terms of a cyclic mechanism of fluid charge/discharge77
in the conduits of the hydrothermal system, possibly modulated by tidal78
stress variation.79
2. Seismicity and dataset80
Data used for the present analysis were collected by five broadband sta-81
tions (ASB2, AMS2, BGNG, TAGG and OMN2) of the seismic monitoring82
network of the Campi Flegrei volcanic complex (Fig. 1), managed by the Is-83
tituto Nazionale di Geofisica e Vulcanologia-Osservatorio Vesuviano (INGV-84
OV) and described in details in several recent papers [Saccorotti et al., 2007;85
Petrosino et al., 2008]. Three-component Lennartz LE-3D/20s seismometers86
with generator constant G=1000 V/m/s operate at ASB2, AMS2 and OMN287
sites, while stations BGNG and TAGG are equipped with Guralp CMG40T88
60s geophones, with generator constant G=800 V/m/s. The sampling rate of89
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all the digital stations is 125 Hz. We analyze continuous data recorded in the90
period October 23-29, 2006, corresponding to the LP activity. We focus on91
the three clusters (138, 30 and 20 events for clusters 1, 2 and 3, respectively)92
defined by Saccorotti et al. [2007], and 152 LPs (orphans) not pertaining to93
any cluster [Cusano et al., 2008] for a total number of 338 events. In Fig. 2 we94
show an example of LP waveforms which appear like spindle-shaped signals95
characterized by emergent onsets.96
3. Temporal Energy Release97
All the LP events occurred at Solfatara have approximatively the same98
duration (about 15 s) despite their different amplitudes. In this case, duration-99
based measures are useless to quantify their energy. On the contrary, such100
estimate can be obtained by the squared amplitude of a seismic signal, which101
is proportional to its energy [Lay and Wallace, 1995]. We filter all the 338102
events in the 0.3-1 Hz frequency band, correct the waveforms for the geo-103
metrical spreading and convert the velocity signals into displacement. For104
each station and each direction of motion, we select a time window of 15 s105
starting from the signal onset reported in the seismic catalogue [Saccorotti106
et al., 2007]. Then, we integrated the square of the signal envelope obtained107
by the Hilbert transform in the selected time window [De Martino et al.,108
2004]. By plotting these values as a function of time, we obtain the time109
release of energy (proportional to the squared amplitude) along the investi-110
gated period (Fig. 3). This analysis shows evidence that the seismic energy is111
not equally partitioned among the directions of motion. As for example, the112
energy estimated for the North-South direction (NS) at ASB2 is higher than113
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the East-West direction (EW), whereas AMS2 shows an opposite behaviour.114
The particular large amplitude of the NS with respect to the EW of ASB2115
(see also Fig. 2) cannot be explained in terms of possible site effects that116
could systematically cause ground motion amplification along that particu-117
lar direction. Indeed, a check was done by comparing the amplitude ratios118
between the NS and the EW components for the LPs, regional and local VT119
earthquakes, and the background seismic noise filtered in the 0.3-1 Hz. We120
find that the average amplitude ratio for the LPs is of a factor 3 greater than121
that of the other signals. If a strong amplification effect would occur as a122
site effect, then similar amplitude ratios should have been observed for noise123
and earthquakes.124
Furthermore, the largest amplitudes (and energy release) are observed125
on NS component of ASB2 and EW component of AMS2 (see also Fig. 2).126
For these two stations, which depict the best signal-to-noise ratio (SNR),127
a cross-correlation analysis performed on the LP waveform envelopes also128
reveals a great degree of similarity between NS component of ASB2 and EW129
component of AMS2. This holds for all the three clusters and the orphans,130
although with different percentages. In particular, about the 60% of the131
LPs of cluster 1 and the 30% for clusters 2, 3 and orphans are correlated132
over a threshold of 0.8, whereas for any other combination the percentage of133
correlated waveforms is less than 1%. This is an indication of a repetitive134
and non-destructive source process (waveform similarities among different135
directions of motion) with a radial radiation pattern.136
After performing the average over the three directions of the retrieved en-137
ergy, very similar values for all the stations are obtained, as shown in the last138
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panel of Fig. 3. This suggests that even if energy distributes differently on the139
three directions of motion, possibly depending on the source-to-station orien-140
tation, the total contribution is approximately the same and the results are141
independent of the station position. Furthermore, the LP amplitude spectra142
are basically invariant for path correction [Cusano et al., 2008]. Propaga-143
tion effects due to seismic attenuation affect only the spectral high frequency144
decay pattern (f >10 Hz), therefore their influence on the signal amplitude145
can be neglected for these long wavelengths and short distances. Moreover,146
significant ground motion amplification at low frequency due to site effects is147
to be excluded on the basis of the results obtained by Tramelli et al. [2010].148
All these evidences indicate that we are observing a pure source contribution.149
3.1. Possible influences on the energy release150
The three-component averaged values of the energy span over two orders151
of magnitude, for the analyzed period. Moreover, although the time series152
are relatively short, the energy release seems to have a cyclic (quasi-periodic)153
behaviour with minima and maxima occurring with a nearly diurnal period-154
icity. To get more insight into this observation, we separate the different155
clusters of events and plot their distributions in time and energy release.156
The results, as an example, are shown in Fig. 4 for station ASB2. The cyclic157
pattern characterizes LPs of cluster 1 and orphans, which occur throughout158
the whole considered period with both low and high amplitudes. Looking at159
the distribution in time of cluster 1, it seems the two observed minima and160
maxima of the energy release both occur in concomitance of the maximum161
rates of activity. On the contrary, LPs of clusters 2 and 3 occur only in lim-162
ited time periods (roughly corresponding to night-time), accompanying the163
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low-amplitude LPs of cluster 1, and are always characterized by a low energy164
release.165
In order to estimate the influence of a possible fluctuation of the noise166
level on the detection of LPs, we calculate the mean square amplitude of the167
background signal by using 1-hour-long recordings filtered in the 0.3-1 Hz168
frequency band, and averaging over the three-directions of motion. In Fig. 4,169
we observe an increase in the noise level on days 24 and 25 that possibly170
could have masked the LPs eventually occurred in these days, especially171
those with low energy. This increase is in coincidence with the gap of the LP172
temporal distribution (see histograms in the same figure). On the contrary,173
the noise mean square amplitude is approximately constant and on a low174
level in the period 26-29 October, when the LP amplitudes are always above175
the detection threshold defined by the mean level of the noise. Therefore,176
it seems reasonably that the minima and maxima of the energy release of177
the LPs are real and not an artefact due to a noisy background that could178
have prevented the observation of the less energetic events. In other words,179
a system with energetic levels bounded by a minimum and a maximum is180
detected during a period when no significative variation of the amplitude181
of seismic noise occurs. The analysis of the noise amplitude also allows182
us to exclude possible influences of the anthropogenic sources on the cyclic183
modulation of the LP energy temporal release. Indeed, a 24 h periodicity184
could be suspected because of typical of human activities. However, it has185
been observed that this periodicity generally occurs in the 1-5 Hz frequency186
band [Bianco et al., 2010], while no periodic behaviour has been observed in187
the 0.3-1 Hz band, as also confirmed by our results shown in Fig. 4.188
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Finally, we observe a correlation (0.7) between the LP energy temporal re-189
lease and the theoretical diurnal solid earth tide generated by the code ”solid”190
(available at the URL http://home.comcast.net/ dmilbert/softs/solid.htm).191
The maximum of the correlation function corresponds to a time lag of about 9192
h, indicating that the two time series are almost in phase opposition (Fig. 4).193
Low-amplitude cluster 1 LPs, together with LPs of cluster 2 and 3, preferably194
occur in correspondence of maximum strain, leading to hypothesize that the195
diurnal periodicity of the LP amplitude distribution could be likely modu-196
lated by tidal strain, as we will discuss in Section 7.197
4. Amplitude distribution198
The occurrence of minima and maxima in the temporal release of the199
LP energy suggests the existence of a source process which provides different200
energy levels. To deeply investigate this hypothesis, we calculate the ampli-201
tude distribution of all the LPs, considering the average values over the three202
directions of motion at ASB2. As one can see in the histograms of Fig. 5,203
the amplitude distribution is bimodal (in logarithmic scale) showing that204
two preferred energy scales are involved in the generation mechanism. Am-205
plitude distributions showing more than one peak have also been observed,206
for instance, at Erebus volcano [De Lauro et al., 2009], at Mount St. Helens207
volcano [Matoza and Chouet, 2010] and at Volca`n de Colima [Zobin et al.,208
2010]. In order to separate the different contributions, we first consider only209
the clustered LPs. Since the number of events drastically reduces for clusters210
2 and 3, the distribution for each of these two families would suffer from211
data undersampling. This prevents us to make further analysis in order to212
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discriminate, at a finer level, differences between these two small families.213
Fig. 5 shows the distributions for all the clusters. As one can note, cluster 1214
still retains a bimodal distribution with the main maximum at -6.9 and the215
second one at -7.3, whereas clusters 2 and 3 are unimodal with a single peak216
at low energy (-7.3). Therefore, all the LPs belonging to cluster 2 and 3 are217
events log-normally distributed with a preferred scale in amplitude, and are218
generally characterized by low-energy. On the contrary, cluster 1 is formed219
by events with a bimodal amplitude distribution, suggesting that a trigger220
mechanism providing two preferred values of energy within a broad range221
has possibly occurred. The preferred scales of energies can be related to222
different values of the driving pressure. For sake of completeness, we report223
the amplitude distribution for the orphans, which shows a broader maximum224
shifted towards the low-amplitude values.225
5. Inter-event time analysis226
To get an overall understanding of the LP generating process, it is possible227
to study the macroscopic behaviour taking into account the scale of the228
occurrence of the events. Indeed, the distribution function of the inter-event229
times (or inter-times) contains significant information on the dynamic process230
generating seismic signals [Bottiglieri et al., 2005; De Lauro et al., 2008;231
2009]. A qualitative analysis could lead to hypothesize that the occurrence232
of LPs is a periodic phenomenon. A careful statistical analysis could reveal233
the existence of significant fluctuations of the inter-times between successive234
LPs. The inter-event times (∆t) are the differences of the occurrence of two235
successive LP arrival times [Cox and Lewis, 1966]. We focus the attention on236
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both cluster 1 and orphans; the other clusters suffer too few events making237
the statistics not significant. For cluster 1 a very clear exponential shape,238
typical of a Poissonian behaviour [Cox and Lewis, 1966], is shown in Fig. 6:239
the shortest inter-time is the most common of the recurrence time, whereas240
the longer inter-event times occur with a smaller probability. The fit of241
the data allows the estimation of the average time interval between LPs242
1
λ
= 14.5 min, which is the rate of the Poissonian process, i.e., described by243
an exponential distribution:244
φ(∆t) = λe−λ∆t. (1)
We perform a standard test to check the Poissonality of the distribution by245
evaluating the variability coefficient (CV 1) defined as CV 1 =
σ∆t
∆t
, where σ∆t is246
the standard deviation and ∆t is the mean value of the inter-times. CV 1 = 1247
is for a Poissonian process, whereas CV 1 > 1 is for a clustered process and248
CV 1 = 0 is for a periodic one. The limit CV 1 → ∞ indicates an uniform249
distribution. The CV 1 is equal to 1.0 with an error of 5%, confirming that250
the occurrence of the LPs is driven by a Poisson process. It is worthwhile251
to underline that a similar behaviour has been already observed on other252
volcanoes such as Stromboli [Bottiglieri et al., 2005; De Lauro et al., 2008],253
Erebus [De Lauro et al., 2009]. A further test to check the hypothesis that the254
probability distribution function (PDF) for the inter-event times of the LPs255
is Poissonian is the Kolmogorov-Smirnov (KS) test [Massey, 1951]. In the256
KS test, we assume that the rate parameter λ of the exponential distribution257
is known and we construct a theoretical exponential cumulative distribution258
function (TCDF):259
Φ(∆t) = 1− e−λ∆t. (2)
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The KS test is applied to determine whether the data are distributed ac-260
cording to equation Eq. 2. It is possible to define CV 2 (the complement of261
CV 1) relative to the distribution in Eq. 2 that in the case of a Poissonian262
process is zero. The KS test statistic is the maximum deviation between263
the empirical cumulative distribution function (ECDF), calculated from the264
observed inter-event times, and Φ [Massey, 1951; Rice, 1995]. The null hy-265
pothesis is that the functions are equal. Fig. 6 shows the empirical cumulative266
distribution function compared with the theoretical one for an exponential267
distribution. With respect to cluster 1, the optimal value of 1
λ
is 875 s, with268
KS test passed with a significance level of 0.05; the estimated CV 2 is nearly269
zero. The differences are negligible and the strong agreement between the270
two curves provides a further illustration that the data are well described by271
an exponential distribution with the estimated rate. This means that the272
LPs occur randomly in time, but on average one LP occurs approximately273
every 14.5 min. A similar behaviour is observed for the orphans, which also274
occur stochastically with an average inter-event time of about 15.3 min.275
6. Nonlinear decomposition Analysis: Independent Component Anal-276
ysis277
A non-trivial problem for every experimental time series associated with278
natural system is to identify individually the degree of complexity of the in-279
volved dynamics. There are many powerful methods used for this aim and In-280
dependent Components Analysis (ICA) represents a powerful tool [Hyva¨rinen281
et al., 2001]. Simulations as well as applications of ICA on real-life data (such282
as in seismological and acoustic fields) have provided interesting results [Ac-283
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ernese et al., 2003; De Lauro et al., 2007, 2008, 2009]. In its simplest form,284
ICA performs a blind separation of statistically independent sources, assum-285
ing linear mixing of the sources at the sensors on the basis of the intuitive286
notion of non-Gaussianity. We assume an instantaneous mixing model, thus287
we neglect any time delay that may occur in the mixing. Formally, the mixing288
model is written as289
xi =
n∑
j=1
aijsj + ν (3)
where x is an observed m-dimensional vector (i.e., seismic recordings), s is an290
n-dimensional random vector whose components are assumed to be mutually291
independent; aij are the constant elements of an m × n matrix A to be292
estimated, and ν is a noise added to the source signal. The additive noise293
term ν is often omitted in Eq. (3) because it can be incorporated in the sum294
as one of the independence signals. This mixing is essentially due to path,295
noise, instrumental transfer functions, etc. In addition to the assumption296
of independency, we assume that the number of available different mixtures297
m is at least as large as the number of sources n. Usually, m is assumed298
to be known in advance, and often m = n thus there exists a probabilistic299
version of ICA that allows us to by-pass this limit [Hyva¨rinen et al., 2001].300
Only one of the source signals si is allowed to have a Gaussian distribution,301
because it is impossible to separate two or more Gaussian sources [Bell and302
Sejnowski, 1995]. In adaptive source separation an m× n separating matrix303
B is updated so that the vector y = Bx is an estimate y ≃ s of the original304
independent source signals.305
Some approaches have been proposed in the literature to achieve the sep-306
aration: maximizing the non-Gaussianity and minimizing the mutual infor-307
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mation. We remind the reader that the classical measures of non-Gaussianity308
are the kurtosis and the negentropy J [Hyva¨rinen et al., 2001]. The latter309
is less outlier prone than kurtosis. It is based on the information-theoretic310
quantity of differential entropy H of a random vector z with density f(z) and311
it is defined as follows:312
J(z) = H(zgauss)−H(z), (4)
where zgauss is a Gaussian random variable of the same covariance matrix as313
z. The estimate of negentropy is difficult and, in practice, some approxima-314
tions must to be introduced. In the following, we shall use the fixed-point315
algorithm, namely FastICA [Hyva¨rinen and Oja, 1997]. Rigorously, this al-316
gorithm is based on an approximate Newton iteration scheme.317
6.1. Principal Components Analysis318
Dimension reduction is a necessary step in the effective analysis of massive319
data recorded by several stations. They often contain significant redundan-320
cies, so one preliminarily investigates if the data-set can be transformed from321
the high-dimensional space into a fewer dimensional space. Principal Com-322
ponent Analysis (PCA) is well-established and frequently used method for323
performing a linear mapping of the data to a lower dimensional space in such324
a way that the variance of the data in the low-dimensional representation325
is maximized [Bishop, 1995; Hyva¨rinen et al., 2001]. In practise, PCA gives326
information on the dimensionality of the dynamics that generates the stud-327
ied signals. With this aim PCA complements ICA giving information on the328
number of significant independent components to take into account.329
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Here, we apply PCA to the raw LPs, considering separately all the clusters330
at each direction of motion. With respect to cluster 1, we observe (Fig. 7)331
that a few relevant components are representative of the overall dynamics.332
In particular, we observe that higher amplitude principal components are333
relative to the polarized ground motion direction: e.g., higher eigenvalues are334
attained for the EW direction at AMS2 and for the NS at ASB2. At most335
two representative PCs embed the data (90% of the information content at336
the knee point) at all stations except for BGNG presumably due to the lower337
SNR.338
With respect to clusters 2 and 3 (Fig. 7) we observe that the low dimen-339
sionality of the system is preserved in the sense that generally two compo-340
nents are dominant at the stations with the best SNR (AMS2 and ASB2).341
Anyway, a greater variability is also evident because of a long tail. This342
should reflect the difference in the waveforms between the clusters. Because343
the events of these clusters are lower in energy than cluster 1, the higher344
amplitude PCs corresponding to the polarized ground motion directions are345
less evident but still present.346
6.2. Independent Components’ Identification347
PCA provides an indication on the low dimensionality of the clusters and348
so on the actual number of independent components, in which LPs can be349
decomposed. Here we apply the ICA to the raw signals in order to extract the350
related simpler waveforms, considering separately each direction of motion at351
each different station. In this way, we take into account the cross-correlation352
analysis, which indicates low correlation among the different directions of353
motion at the same station. The aim of this analysis it to check whether a354
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time decomposition is possible and which is the difference among clusters in355
term of source mechanism.356
The seismic records of each LP can be interpreted as a particular lin-357
ear mixture of some undetermined independent signals. To apply ICA in358
the linear model mixing we align the traces with respect to the maximum359
amplitude; the ensuing results are reported in Figs. 8-10. No further decom-360
position can be accomplished, because ICA performance extracts periodic361
signals in a background (Gaussian or uniform) noise with an amplitude 1000362
times higher than the signal [De Lauro et al., 2005].363
Cluster 1 is decomposed into at most three statistically independent com-364
ponents (ICs) (the unknown sources s of Eq.3), well separated in frequency365
(Fig. 8). Specifically, we always extract a component in an intermediate fre-366
quency range 0.5-0.7Hz (IC2) and a component in the range 0.7-0.9Hz (IC3)367
at each station but with different amplitudes. In turn, one of each is par-368
ticular evident on the polarized direction of motion (e.g. IC2 along EW at369
AMS2 and IC3 along NS at ASB2). Moreover, a very low frequency compo-370
nent centered at 0.2 Hz (IC1) is separated. Furthermore, the performance is371
good on the horizontal directions; on the vertical direction, instead ICs are372
generally entangled showing broadband spectra.373
Though the greater variability evidenced by PCA, clusters 2 and 3, whose374
LPs are lower in amplitude, are again decomposed into two independent sig-375
nals as reported in Figs. 9-10). In details, IC1 is always and better extracted376
as separate source; it is a stationary signal in the time with a low ampli-377
tude in the range 0.1-0.2 mm/s. We can hypothesize that it represents the378
constant pressure induced by an external source such as micro-meteo marine379
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noise (wind, oceanic loading) or by an internal source driving the fumarolic380
system. In order to distinguish between the two cases, it is required to in-381
vestigate the directional and polarization properties along the time of this382
wavefield component, but it is beyond the aim of the present paper. IC2 and383
IC3 are related to LP signals, and extracted according with the polarized384
directions of motion at each station. For example, focusing the attention385
on the best SNR stations ASB2 and AMS2, one can see that IC2 is well386
extracted at AMS2 (in particular along EW) whereas IC3 is extracted at387
ASB2 (in particular along NS). Furthermore, for cluster 3, ICs are higher in388
frequency with peaks greater than 1 Hz.389
Summarizing, ICA decomposes LPs with regardless of the cluster into390
at most three ICs in the time domain with very well defined and separate391
spectral content, indicating a common low-dimensional source mechanism at392
the basis. This is in agreement with the observations of Falanga and Pet-393
rosino, [2012] who estimated a correlation dimension of in the range [1.4-1.6]394
showing evidence that a few degrees of freedom are activated in the system.395
Focusing the attention on IC2 and IC3, the multiple spectral peaks could396
be attributed to the presence of different normal modes in the resonating397
structure [e.g. Kumagai and Chouet, 2001], or to the splitting of the stable398
resonance frequency of the air column in a (thin-walled metal) organ pipe399
model [Nederveen and Dalmont, 2004]. In fact, whenever a wall resonance400
frequency is close to that of the air column, instabilities occur and the air401
column oscillations switch between closely spaced frequencies.402
We can take into account the following constraints: the differences in403
the cluster locations are of the order of 300 m (see Fig. 1) [Saccorotti et al.,404
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2007]; no temporal variation in the fundamental frequency and quality factor405
of LPs is observed [Cusano et al., 2008], suggesting that the likely water-406
gas mixture involved in the source process does not undergo changes in its407
composition. We can therefore hypothesize that the clusters can be generated408
in two (or more) distinct branches of a hydrothermal system, and that their409
slightly different frequency contents obtained by ICA analysis would be due410
to different dimensions of the conduits rather than to the variation of the411
properties of the fluids. This would explain the slightly higher frequencies412
involved for clusters 2 and 3 compared to 1.413
7. Discussion414
We have performed a detailed analysis of LP events at Solfatara volcano,415
Campi Flegrei (Southern Italy). In particular, our study characterizes wave-416
form, spectral and energy properties of the three distinct families of events.417
Summarizing, the results presented in this work suggest:418
1. the three-component averaged energy is of the same order for all the 5419
stations used for the analysis;420
2. LPs of cluster 1 occur throughout the whole analyzed period with an421
average inter-event time of about 15 min. The temporal pattern of the422
energy shows minima and maxima with a diurnal periodicity, and the423
amplitude distribution is bimodal;424
3. the LPs of clusters 2 and 3 principally concentrate during nighttime,425
and show a single mode distribution peaked on the low values of am-426
plitude;427
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4. the minima of the temporal energy release of cluster 1 coincide with428
the occurrences of clusters 2 and 3, whereas the most energetic LPs of429
cluster 1 are not accompanied by any events of clusters 2 and 3;430
5. the temporal and inter-event distributions and energy release of orphan431
events are similar to those of cluster 1 LPs.432
6. PCA and ICA indicate that a very low dimensionality is associated433
with all the clusters. ICA decomposed the LPs into at most three self-434
oscillations peaked at about 0.2Hz, 0.5-0.7Hz and 0.7-0.9Hz, which are435
inferred to be the ”resonances” triggered by the hydrothermal fluxes.436
These results together suggest that we are observing the actual signature437
of a source, possibly triggered by a transient pressure disturbance in a fluid438
medium. Source mechanisms involving harmonic vibrations of cylindrical439
conduits [Neuberg et al., 2000], acoustic resonance of cracks [Chouet, 1988]440
and non-linear flow-induced oscillations [Julian, 1994; Balmforth et al., 2005]441
have been invoked to explain the LP generation. Independently of the mod-442
els, the occurrence of a pressure transient in a fluid is the most plausible443
triggering mechanism [see, e.g., Hagerty and Benites, 2003; Kawakatsu and444
Yamamoto, 2007 and reference therein]. The occurrence of LP events with445
different energies likely depends on the magnitude of the pressure drop in the446
system [Chouet et al., 1994] and changes in the flow regime may be related447
to different excitation levels of the system [Arciniega-Ceballos et al., 2003].448
Indeed, the amplitude variation of the spectral peaks has been interpreted449
as different excitations of a common source [Arciniega-Ceballos et al., 2003].450
LP events at Campi Flegrei could be originated in a dentritic network of451
conduits or branches of a hydrothermal system and the deviation of the fluid452
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flow could explain the dynamics of the observed phenomena. LPs of cluster 1453
are produced by the ”resonance” of a main structure (compatible with that454
identified by Cusano et al. [2008]) triggered by a pressure transient. The455
conduit may undergo cycles of gradual sealing, leading to an overpressuriza-456
tion until a critical limit is reached and a consequent discharge of the system457
occurs. In this model, the inter-event time rate of the Poissonian process458
(about 15 min) provides the average recharge time of the system up to the459
critical condition. This nondestructive source process leads to the repetitive460
waveforms of cluster 1, implying that the trigger mechanisms occur at the461
same location with the same time function.462
A possible (partial) shunting of the fluid flow away from this main conduit463
reduces the pressure from a maximum value to a minimum level (Fig. 11)464
and hence only low energy events are generated. The mechanism of pressure465
variation produces LPs with two preferred amplitude scales, within a certain466
range. The shunted flux causes a pressure increase in another part of the467
hydrothermal system and, when it exceeds a critical value (Pmin; Fig. 11), it468
activates the ”resonance” of the second branch, spatially separated from the469
main one. This process would originate LPs of clusters 2 and 3, which occur in470
concomitance of the low energy events of cluster 1. Finally, the orphan events471
would be triggered by the same prezzurization/depressurization mechanism472
that produces the clustered LPs, with inter-event time comparable with that473
of cluster 1 LPs, although in this case the non-repetitive waveforms suggest474
possible fluctuations of the source location and time function. The important475
role of the fluids as a source of the dynamics at Campi Flegrei caldera has476
been recognized by several authors: unrest phases have been explained in477
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terms of an initial magmatic intrusion from a deep reservoir followed by fluid478
migration towards the shallow aquifer [Battaglia et al., 2006; De Natale et479
al., 2006; Zollo et al., 2008; Chiodini et al., 2010]. In that model, ground480
deformation and LP seismicity represent the response to the pressurization481
of the hydrothermal system [De Natale et al., 2006; Cusano et al., 2008,482
D’Auria et al., 2011].483
The temporal energy release shows a diurnal modulation not related to484
the anthropogenic influence, that we ascribe to a tidal effect. It is well known485
that earth and ocean tides cause deformations in the crust (solid earth) and486
fluids, therefore tidal stresses can induce fluid flow variations and trigger seis-487
micity [see, e.g., Glasby and Kasahara, 2001; Cochran et al., 2004]. Moreover,488
the correlation between volcanic activity and earth tides has been recognized489
for a certain number of volcanoes, such as Pavlov, Kilauea, and Arenal [Mc-490
Nutt and Beaven, 1981, Rydelek et al., 1988, Williams-Jones et al., 2001,491
respectively] and in hydrothermal systems [Jupp and Schultz, 2004; Glasby492
and Kasahara, 2001 and references therein]. Specifically, some authors have493
analyzed the relation between tides and seismicity at Campi Flegrei on dif-494
ferent time scales from months to days: starting from the seminal paper of495
Rydelek et al. [1992] who found some relations not always fulfilled between496
the solid-earth tidal stress and triggered earthquakes to Marzocchi et al.497
[2001] who showed evidence of a 24-hour periodicity in the volcano-tectonic498
earthquake sequence related to thermal diurnal processes. More recently, De499
Martino et al. [2011a, 2011b] at Stromboli volcano have identified a 3-day500
periodicity transient detected as deformation by the strainmeter and as mod-501
ulation in the explosion amplitude by the seismometer. This signal reflects a502
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tidal origin or a possible correlation between earth tides and a phenomenon503
of non-equilibrium. At Solfatara volcano a similar non-equilibrium condition504
occurs. This mechanism could modulate fluid flow which in turn determine505
pressure variation in the pre-existing main branch of the hydrothermal sys-506
tem, thus putting it in oscillation with different energies. The overall effects507
of such a coupling is the observed diurnal periodicity in the energy temporal508
release of LP events. In correspondence of the maximum strain, the shunt-509
ing of the fluid-flow occurs as a pressure drop in the main branch producing510
lower amplitude LPs, whereas the second branch is simultaneously activated511
generating the other clusters.512
8. Conclusion513
The role of fluid migration has been recognized as a fundamental mecha-514
nism in the shallow dynamics of Campi Flegrei caldera, as has been pointed515
out by many authors [Battaglia et al., 2006; De Natale et al., 2006; Zollo et516
al., 2008; Cusano et al., 2008; Chiodini et al., 2010, D’Auria et al., 2011]. The517
results presented in this paper fully support this hypothesis; moreover they518
also indicate a possible tidal effect on the fluids circulating in the geothermal519
reservoir. Although the shortness of the time series prevented the fine reso-520
lution of the periodicities of the tidal constituents, our study shows evidence521
of a cyclic mechanism of fluid charge/discharge in the branches of the hy-522
drothermal system, which appear to be modulated by tidal stress variation.523
This mechanism induces pressure drops (mostly in general pressure varia-524
tions) that can explain the observed time distributions of the LPs and their525
energy release.526
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The presented results help to better model at finer scale the LP seismicity527
that occurred at Campi Flegrei, thus contributing to a better understanding528
of its source dynamics and the temporal evolution, and putting in place some529
constraints for the future development of more quantitative models. Future530
studies need to verify if the hypothesized structures exist and estimate the531
volume of the source region. Moreover further researches should be aimed at532
developing a numerical dynamical model including the observed tidal mod-533
ulation in LP energy release, in order to provide an estimate of the expected534
amplitude values in case of a new seismic crisis.535
In line with these thoughts, a study of the effects of solid earth tides and536
ocean loading on the modulation of seismic signals recorded over longer time537
scale will be useful to interpret the dynamics of the shallow hydrothermal538
system and the unrest episodes of the Campi Flegrei caldera.539
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Figure 1: Map of the Campi Flegrei area with the seismic stations used for the present
analysis (triangles). The location of LPs of cluster 1 (black circles), cluster 2 (blue circles)
and cluster 3 (red circles) in the Solfatara are also shown (after Saccorotti et al. [2007]).
Figure 2: Example of seismograms of a LP recorded on 26 October 2006. The station
name and the direction of motion are indicated in the upper-left corner of each plot.
Figure 3: Temporal release of seismic energy (proportional to the squared amplitude) for
the three directions of motion at the different stations. In the last panel the average value
of the energy over the three components is reported.
Figure 4: Temporal release of seismic energy, proportional to the squared amplitude (open
circles, triangles, squares and diamonds), and time distribution (histograms) for clusters
1, 2, 3 and orphans (see symbol legend) at ASB2 station. Purple and yellow full circles
represent the square amplitude of the seismic noise averaged over 1-hour-long recordings,
filtered in the 0.3-1 Hz and 1-5 Hz frequency band, respectively. The magenta continuous
line is the theoretical solid earth tide.
Figure 5: Amplitude distribution for all the LPs; LPs of cluster 1; LPs of cluster 2 plus 3;
and orphans.
Figure 6: Inter-time analysis for LPs of cluster 1 (black) and for the orphans (green):
(A) distribution of the inter-times; (B) linear best fit providing the characteristic rate
of the Poissonian process; (C) comparison between ECDF (solid line) and TCDF (dots)
according to the KS test with the estimated rates; (D) residuals between ECDF and TCDF
are negligible in agreement with the hypothesis of Poissonality.
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Figure 7: PCA results: the overall dynamics for all clusters is essentially low dimensional.
In detail, for cluster 1 at most two PCs retain the maximum information content. For
cluster 2 and cluster 3 the two PCs are still dominant even if the stations with lower SNR
(TAGG and BGNG) show a greater variability. In addition, it is clearly shown that the
higher amplitude PCs are relative to the polarized ground motion direction for all the
clusters.
Figure 8: ICA results for cluster 1 at each direction of motion for AMS2 and ASB2. The
decomposition provides at most three ”simpler” waveforms thought to be representative
of the source mechanism of long-period earthquakes.
Figure 9: ICA results for cluster 2 at each direction of motion for AMS2 and ASB2: the
data are well described by a low-dimensionality system and that the seismic cluster 2 can
be decomposed into two independent components.
Figure 10: ICA results for cluster 3 at each direction of motion for AMS2 and ASB2: the
system is still low-dimensional, but the extracted signals display a slightly higher frequency
content.
Figure 11: Conceptual model for the LPs generation mechanism. The shunting of the fluid
flow between the two branches of the hydrothermal system causes a pressure drop in the
conduit A and activates the resonances of the conduit B (lower panel). As a consequence,
the pressure PA in the branch A varies from a maximum to a minimum level, triggering LPs
of cluster 1 with different amplitude. Moreover, when PB exceeds the minimum threshold
value Pmin, LPs of clusters 2 and 3 are generated in the branch B (upper panel).
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